The exposure of electrospray droplets generated from either highly acidic or highly basic solutions to basic or acidic vapors, respectively, admitted into the counter-current drying gas, has been shown to lead to significant changes in the observed charge state distributions of proteins. In both cases, distributions of charge states changed from relatively high charge states, indicative of largely denatured proteins, to lower charge state distributions that are more consistent with native protein conformations. Ubiquitin, cytochrome c, myoglobin, and carbonic anhydrase were used as model systems. In some cases, bimodal distributions were observed that are not noted under any solution pH conditions. The extent to which changes in charge state distributions occur depends upon the initial solution pH and the pK a or pK b of the acidic or basic reagent, respectively. The evolution of charged droplets in the sampling region of the mass spectrometer inlet aperture, where the vapor exposure takes place, occurs within roughly 1 ms. The observed changes in the spectra, therefore, are a function of the magnitude of the pH change as well as the rates at which the proteins can respond to this change. The exposure of electrospray droplets in this fashion may provide means for accessing transient folding states for further characterization by mass spectrometry.
Introduction
T he transition of biomolecules from an unfolded conformation to a more highly ordered state is a widely studied phenomenon in structural biology. Knowledge about folding transitions can aid in the understanding of biological activity, as biological activity is often regulated by the higher order structure [1] . However, the lifetimes of many partially folded species are usually on the order of hundreds of microseconds to fractions of a second, thus making it difficult to study these intermediates using X-ray or NMR methods [2] . With the development of electrospray ionization (ESI), many mass spectrometry-based methodologies have been established to elucidate the higher order structure of biomolecules. Under some conditions, evidence for partially folded states has been noted (vide infra).
Many publications have focused on studying the conformations of proteins using mass spectrometry-based techniques [3, 4] . It was noted that proteins, as well as other biopolymers, form multiply charged ions when subjected to ESI, and that the conformation of a protein in solution is one of the factors that determine the charge state distribution (CSD) generated in ESI-MS [5] [6] [7] . ESI mass spectra obtained from solutions in which molecules are denatured tend to show higher charge states (lower m/z ions) than spectra obtained from solutions conducive to the preservation of conformations in their native forms [8] . Tightly folded proteins are expected to have smaller surface areas compared with less-structured protein molecules and, thus, for the same approximate charge density, can accommodate fewer charges on the protein surface in the final stages of the ESI process. It has been noted, for example, that proteins present in solutions of low pH, in which significant denaturation is expected, give rise to higher average charge states in the positive polarity [4, 9] than those prepared under conditions in which native structures are stable. Similarly, proteins ionized from a high pH solution tend to result in a higher average negative charge state in the negative polarity [10, 11] . However, the CSD differences tend not to be as drastic as that noted in the positive polarity [12, 13] . Other conformation studies have utilized ion mobility to probe gas-phase conformations [14] . In ion mobility studies, an ion's average collisional cross-section with a buffer gas is determined by how rapidly the ion moves through the buffer gas under the influence of a weak electric field [15] . Ion beam scattering has also been used to measure collision cross-sections for unsolvated proteins and these studies, like the ion mobility work, have found that protein ion cross-sections tend to increase with charge [16] . Also, H/D isotope exchange [17, 18] as well as pulselabeling [19, 20] experiments have been used in conjunction with MS to study protein folding. These techniques provide conformational information from which folding funnels for biomolecules of interest can be developed. These funnels are a two-dimensional representation of both the native folded state as well as transient folded intermediates and misfolded or partially folded forms at local energy minima [21] . These intermediate states, sometimes referred to as kinetic intermediates, are also of interest because their structures may reveal important details of the protein-folding process [22] . The technique described in this paper, which involves the exposure of ESI generated droplets to acidic or basic vapors in the counter-current drying gas of the atmosphere/vacuum interface, may provide a means for generating transient partially folded states for subsequent study as a result of the relatively rapid time-scale over which changes occur in the ESI process.
Many studies have also focused on the manipulation of the protein charge states in one direction or another for reasons other than the study of protein higher order structure. Increasing the charge state distribution is beneficial for bringing the distribution to a mass-to-charge range accessible by most mass spectrometers. The generation of higher charge states may also be desirable for tandem mass spectrometry of proteins and protein complexes. The manipulation of solution conditions, such as solvent composition and pH, as well as the addition of "super-charging" agents [23] [24] [25] [26] [27] [28] are noteworthy examples of measures used to increase CSDs. However, increasing charge can also complicate spectral analysis of mixtures that give rise to multiple peaks compressed within a small m/z range. Thus, in some cases, such as mixture analysis, it may be desirable to decrease the charge state distribution, to increase the distance between peaks of different compounds so that they are easier to distinguish [29] . There are also cases in which it is desirable to generate protein charge states lower than those generated by ESI for tandem mass spectrometry [30] . A variety of approaches have been used to reduce charge states in ESI-MS, including the manipulation of solution conditions [31] , the use of gas-phase ion/molecule proton transfer reactions [32] [33] [34] [35] [36] , and the use of gas-phase ion/ion reactions [37, 38] . In addition, extractive electrospray ionization (EESI) has employed basic solvents infused at rates of 0.1-2 μL/min resulting in ion/molecule reactions in open air in the region between the basic reagent spray and the electrospray of the protein or peptide analyte [39] . Zenobi et al. have also published work using electrosonic spray ionization (ESSI) [40] in which volatile gaseous vapors were introduced to reduce the observed charge state. However, they were unsuccessful when conducting similar experiments with ESI or nano-ESI [41] . The ESSI experiments were also used to calculate an apparent gas phase basicity of proteins (GB app ) based on the ion/molecule reactions. This was based on work performed by Williams et al., where the GB app was determined by studying the deprotonation reactions between protein ions and volatile bases that were introduced into an FT-ICR instrument [42] .
We have previously described a vapor introduction technique for the atmosphere/vacuum interface region of an ESI source in which the average charge state (q ave ) of ions derived from a protein, in an unbuffered aqueous solution near neutral pH, can be increased via the introduction of acidic vapors in the positive polarity [43] and basic vapors in the negative polarity [44] . Briefly, a secondary nitrogen line was incorporated into the instrument with nitrogen flowing over a reagent test tube [45] . The nitrogen flow entrains the reagent vapors and admits them with the curtain gas, which is introduced into the interface between the curtain and the orifice plates. These vapors interact with the electrospray generated droplet, effectively changing the pH of the droplet, resulting in the unfolding of a protein. In this work, emphasis is placed on shifting the charge state distribution to lower charge states, thereby effecting protein folding "onthe-fly" (i.e., during the evolution of ESI droplets).
Experimental

Materials
Ammonium hydroxide, acetic acid, and hydrochloric acid were purchased from Mallinckrodt (Phillipsburg, NJ, USA). All proteins (bovine cytochrome c, ubiquitin from bovine red blood cells, human hemoglobin, yeast enolase, horse heart myoglobin, bovine carbonic anhydrase, alcohol dehydrogenase from Saccharomyces cerevisiae and bovine hemin) as well as piperidine were purchased from SigmaAldrich (St. Louis, MO, USA). All samples were used without further purification. Protein solutions for both positive and negative nano-electrospray were prepared in water. Acetic acid was used to prepare the low pH samples and piperidine was used to prepare the high pH samples. Final protein concentrations were approximately 20-50 μM.
Apparatus and Procedures
All experiments were performed using a prototype version of a QqTOF tandem mass spectrometer (Q-Star Pulsar XL; SCIEX, Toronto, ON, Canada) modified to allow for ion trap CID and ion/ion reactions [46] . No ion/ion reactions were used in this work. Ionization was accomplished via a nano-ESI emitter, forming either [M -nH] n-anions or [M+ nH] n+ cations of the proteins. The technique described utilizes an apparatus designed to allow for the introduction of volatile vapors into the interface along with the curtain gas as previously described elsewhere [45] . In all cases, a nitrogen flow of 0.3 L/min was directed across a test tube containing approximately 20 μL of the volatile reagent. The head space vapors eventually mix with the N 2 curtain gas flow and the combined flow enters the region between the curtain plate orifice and the nozzle of the ESI interface, which is where the molecule/droplet interaction takes place. Typically, a sample is ionized via nano-ESI and then the metering valves are opened to introduce the reagent vapors as desired. In some cases, the charge states were difficult to resolve due to the presence of adducts (e.g., attached acid or base molecules), but these were easily removed using dipolar DC collision-induced dissociation (DDC-CID), a broad-band collisional activation technique [47] [48] [49] .
Results and Discussion
Many factors contribute to the observed charge state distribution of proteins ionized using ESI or nano-ESI, such as the number of ionizable groups on the molecule, solution conditions, and instrument conditions (e.g., the source and interface operating conditions) [50] . For the experiments described in this study, proteins were initially dissolved under denaturing conditions, using either acid or base in solution, and then the ESI droplets were exposed to vapors that would be expected to change the pH in the droplet in a direction amenable to the native structure of the protein.
Conclusions regarding the folding state in this work are derived from the resulting protein CSD versus that for the protein not subjected to vapor exposure. All experiments were conducted using a nano-ESI emitter placed a few millimeters from the 250 μm diameter sampling orifice of the atmosphere/vacuum interface. Under these conditions, charged droplets/ions pass through the counter-current drying gas and into the sampling orifice within 1 ms [51] . Hence, the comparison of results with and without exposure of the charged droplets to acidic or basic vapors reflects processes that occur within this time period.
Previous studies involving the exposure of nano-ESI droplets generated from near neutral pH solutions to acidic and basic vapors have been interpreted on the basis of changes in the pH of the evolving droplets. Significant changes in CSDs have been attributed to acid or baseinduced conformational changes of the protein structures initially present at near neutral pH. The magnitude of the change in droplet pH that is associated with exposure to the various acidic and basic vapors is currently under investigation. We have compared spectra derived from the vapor exposure experiments to series of spectra collected as a function of solution pH to determine what might be termed an "apparent pH." We find, however, that comparisons of CSDs obtained from the leak-in experiments with spectra collected using solutions of known pH can be inconclusive because it is often the case that no bulk solution pH conditions can be found that resemble the CSDs noted in the leak-in experiments. This is likely due to different conditions and time-scales of the experiments, with the leakin experiments being more influenced by the kinetics of folding/unfolding. The subject of pH changes in the ESI plume under normal conditions (i.e., no exposure to either acidic or basic vapors) has been examined by various means and with different conclusions. For example, the examination of mass spectra of compounds with known pH-dependent dissociation characteristics in solution suggested pH changes of 3-4 units in the evolving droplets [52] , whereas fluorescence measurements of pH sensitive dyes suggested pH changes of 1 unit or less [53] . By comparing nano-ESI spectra before and after vapor exposure, the leak-in experiments reflect pH changes that occur relative to any pH changes that may take place inherently in the ESI process. The exposure of acidic droplets to basic vapors and the exposure of basic droplets to acidic vapors can lead to dramatic changes in the apparent droplet pH, as reflected in the comparisons of nano-ESI spectra before and after vapor exposure. Figure 1a shows a positive ion nano-ESI mass spectrum of cytochrome c from a pH 2.8 aqueous solution (no vapor exposure), Figure 1b shows the positive ion mass spectrum obtained from the pH 2.8 solution after exposure to piperidine vapors, and Figure 1c shows the positive ion nano-ESI mass spectrum from a pH 11.2 aqueous solution. Mass spectra were acquired from aqueous solutions of cytochrome c prepared over a wide range of pH values and the spectrum of Figure 1c was the most similar to that of Figure 1b . Note that the signal-tonoise ratio of Figure 1b is superior to that of Figure 1c . We attribute this to the fact that the ESI droplets are at least initially in the right-way-round condition [12, [54] [55] [56] in the leak-in experiment, whereas they are in the wrong-wayround condition when the solution pH is 11.2. Figure 1d shows the negative ion nano-ESI mass spectrum of ubiquitin dissolved in a pH 12.5 aqueous solution, Figure 1e shows the spectrum acquired after the exposure of the pH 12.5 electrospray to acetic acid vapors, and Figure 1f shows the negative nano-ESI mass spectrum of ubiquitin from a pH 2.1 solution. The latter spectrum provided the closest match to Figure 1e of the dozen spectra obtained systematically as a function of pH. While care must be taken in comparing nano-ESI spectra derived from the vapor exposure experiments with nano-ESI spectra collected at a solution pH adjusted to provide the best match, due to the difference in time-scales, it is apparent that changes of up to 10 pH units can be effected when acidic droplets are exposed to basic vapors and vice versa. The following experiments, therefore, represent results from proteins exposed to a dramatic change in pH over the course of droplet evolution, which is expected to take place within a millisecond.
We note that previous studies involved the exposure of near neutral pH droplets to either acids or bases and that CSDs of relatively low charge prior to vapor exposure shifted (often dramatically) to higher charge CSDs. Increases in charge states do not occur via gas-phase ion/molecule reactions because such reactions require a highly exothermic charge separation. The spectral changes were therefore attributed to protein denaturation in the droplets. The reduction of charge states via ion/molecule proton transfer reactions, on the other hand, is well-known [57, 58] . Hence, the reduction of charge states in the vapor leak-in experiments described here may also involve contributions from gas-phase processes. However, given the evidence for protein denaturation of initially native conformations upon vapor exposure in the previous studies, it is reasonable to surmise that at least some, and possibly most, of the spectral changes noted here are due to pH changes within the ESI droplets. In either case, changes in protein conformation are expected as charge states are reduced.
Cytochrome c and Ubiquitin: Positive Polarity
The charge state distributions of cytochrome c [9, 59] and ubiquitin [60] [61] [62] have been extensively studied [63] . Bovine cytochrome c is a globular protein containing 104 amino acids (23 basic and 12 acidic amino acids) and one covalently attached heme group [64] . The unfolding of cytochrome c has been studied in solution [65] and using the vapor introduction technique described here [43, 44] . Ubiquitin is a smaller protein with 12 basic and 11 acidic residues [66] . The structural transitions of these proteins have also been studied via ion mobility mass spectrometry Figure 1 . Positive nano-ESI spectra of cytochrome c prepared at pH=2.8 (a) and (b) and pH=11.2 (c), with no vapor exposure (a) and (c), and piperidine vapor leak-in (b). Negative nano-ESI spectra of ubiquitin at pH=12.5 (d) and (e) and pH=2.1 (f), with no vapor exposure (d) and (f) and acetic acid vapor leak-in (e) [67, 68] . For both proteins, the folding transitions that are observed depend on the degree of initial unfolding in solution. Proteins were prepared over a range of solution pH resulting in different charge state distributions being observed.
Cytochrome c prepared at pH=2.8 and ionized in the positive polarity resulted in a CSD from +7 to +20 (q ave = +9.4) (see Figure 1a) . The leak-in of ammonia (pKa=9.25 [69] ) resulted in a slight shift to a lower CSD from +6 to +17 (q ave =+7.8) (data not shown). Exposure to a stronger base, piperidine (pKa=11.12 [69] ), resulted in a much greater shift leading to a CSD from +6 to +7 for cytochrome c (see Figure 1b) . Note the presence of a low abundance CSD at a relatively high charge in Figure 1a . When the solution pH was adjusted to 2.1, the higher CSD from +10 to +21 (q ave =+14.8), presumably arising from a more extensively denatured cytochrome c, dominated the spectrum (Figure 2a ). This distribution shifted to a CSD from +6 to +17 (q ave =+12.4) with the introduction of ammonia (Figure 2b ). Exposure to piperidine vapor resulted in a much greater shift leading to a bimodal CSD with relatively abundant ions at +8 to +11 and another, more highly adducted, ion at +6. The latter ion appears in the region of the CSD obtained when the less unfolded cytochrome c sample (pH 2.8) was subjected to piperidine vapors (Figure 1b) . It is not clear from these results if the initial CSDs of Figure 1a and Figure 2a represent two points on a continuum for the same overall conformation that represent different extents of elongation or if they represent two quite distinct conformational states. If the former situation were to be true, the leak-in experiments would be expected to reflect the degree of refolding from the initial overall conformation. If the latter situation were to prevail, the leak-in experiments would reflect refolding of the distinct conformational states. Further information, as might be provided via ion mobility measurements, might be able to distinguish between these cases. The main point here is that the leak-in experiment appears to be able to induce a degree of refolding for an initially unfolded protein. The introduction of vapors of bases with pK a values between those of ammonia and piperidine resulted in CSDs intermediate between those observed for ammonia and piperidine. All of the basic vapors previously used to increase the charge state distributions of proteins in the negative polarity were found to be capable of reducing protein CSDs in the positive polarity.
The ability to access multiple folding states of cytochrome c is also suggested in experiments conducted when the protein was prepared in a pH 9.5 aqueous solution and then subjected to acid vapor leak-in. Results from relevant experiments are summarized in Figure 3 . Figure 3a , for example, shows the results from nano-ESI of a pH 2.8 cytochrome c solution, which results in a bimodal distribution with a CSD centered around +9 and another CSD centered around +17 (q ave =+11.6). When ionizing a more acidic cytochrome c solution (pH=2.3), the lower CSD largely disappears (Figure 3b ) (see also Figure 1a and Figure 2a ). These results suggest that the relative concentrations of the folding states that give rise to these distinct CSDs are readily altered via solution pH. When cytochrome c was prepared in a pH 9.5 solution (CSD from +12 to +6, q ave =9.0) (Figure 3c) , and HCl vapors were introduced into the interface (Figure 3d) , the apparently single CSD of Figure 3c transformed to two distinct CSDs in Figure 3d . A relatively high CSD, similar to that of Figure 3b , was generated along with a lower CSD centered at +7. Cytochrome c is known to fold into a molten globule state [70] [71] [72] [73] [74] [75] . However, the bimodal distribution observed in Figure 3d has not been observed for cytochrome c prepared at any solution pH. We noted the generation of the +7 charge state, however, in our previous work involving the exposure of ESI droplets generated from low pH cytochrome c solutions to HCl vapors. A similar observation was observed when myoglobin was denatured in a pH 9.5 solution with HCl vapors leaked-in (vide infra). These observations may reflect the formation of an intermediate folding state that is not observed directly from solution due to its relatively short lifetime and, therefore, distinguish the vapor leak-in experiment from experiments that vary the pH of the bulk solution.
Ubiquitin was also examined and is of interest because many folded states have been previously observed and studied via inter alia ion-molecule deprotonation [76] and time-resolved electrospray mass spectrometry experiments [77] . In our previous work with neutral pH solutions [43] , the leak-in of weak acids resulted in a modest increase in q ave (+7.8 and +7.3 for acetic and formic acids, respectively) relative to the nano-ESI mass spectrum of a neutral pH solution (q ave =+6.8), whereas the leak-in of the strong acids TFA and HCl resulted in a distribution corresponding to the folded ubiquitin A-State or even a folding back to a more native state (N-state) with an observed CSD from +4 to +8 (q ave =+5.9) [61] . In this work, for ubiquitin prepared at pH= 2.8, the CSD shifted from +4 to +13 (q ave =+6.9) prior to vapor leak-in (Figure 4a ) to a CSD from +4 to +8 (q ave =+5.6) with the introduction of ammonia (Figure 4b ) to one from +4 to +5 (q ave =+5.0) with the introduction of piperidine vapors (Figure 4c ). For the more unfolded ubiquitin prepared at pH 2.1, the CSD shifted from +5 to +13 (q ave =+9.5) (Figure 4d ) to a CSD from +4 to +11 (q ave =+7.3) with ammonia vapor leak-in (Figure 4e ) and to a CSD from +4 to +6 (q ave =+5.2) with the introduction of piperidine vapors (Figure 4f) . Interestingly, the leak-in of both strong acid and strong base leads to a reduction in the charge state for positively charged ubiquitin ions. The dominant charge state in the case of acid leak-in is +6 whereas it is +5 in the case of base leak-in. Based on charge state alone, no conclusions can be drawn regarding the degree of similarity of the conformations of the low charge state ions observed with acid and base leak-in. The application of structural probes, such as ion mobility might shed light on this question.
The studies with cytochrome c and ubiquitin in the positive ion mode illustrate several general observations noted with the base leak-in studies. In both cases, the leak-in of ammonia resulted in a smaller shift to lower charge than the leak-in of piperidine. Furthermore, the final CSDs are related to the initial CSDs. That is, initially more unfolded proteins with higher CSDs (lower m/z) show somewhat less charge state reduction than do less unfolded proteins with initially lower CSDs (higher m/z). For instance, the initial CSD derived from the cytochrome c pH 2.8 solution was converted essentially completely to the +6 charge state upon exposure to piperidine whereas the higher initial CSD derived from the pH 2.1 solution was converted to a bimodal distribution comprised of a CSD similar to that of the initial pH 2.8 solution as well as a +6 ion. Given the dynamic nature of the brief exposure of the evolving electrospray droplets to the basic vapors, these results suggest that the extent of refolding noted from the leak-in experiment can be affected by the initial pH of the solution, the strength of the base, and its concentration. Extensive adduct formation corresponding to attachment of multiple molecules of base, was also noted, particularly for piperidine, as the bases can form relatively stable proton-bound clusters with the protein charge sites.
Cytochrome c and Ubiquitin: Negative Polarity
Both proteins were also studied in the negative polarity using piperidine in solution prior to ionization to facilitate denaturation. The proteins in the piperidine containing solutions resulted in much higher negative CSDs than were observed in the absence of piperidine. When acidic vapors were leaked in, the CSDs shifted to lower negative charge states. The leak-in of a weak acid shifted the distribution slightly. When acids with lower pK a s were introduced into the interface, the protein charge state distributions shifted further to lower negative charge states. All acidic vapors that were used to increase the charge state distribution in the positive polarity can be used to decrease the absolute charge state distribution in the negative polarity. In most cases, acetic acid was a strong enough acid to alter the CSD, shifting the CSD from −4 to −11 (q ave =−7.3) for a pH 10 cytochrome c solution (Figure 5a) , to a CSD from −4 to −6 (q ave =−5.2) (Figure 5b ). For a pH 12.5 ubiquitin solution (Figure 1d ), the CSD shifted from −4 to −8 (q ave =−5.7) to a CSD from −3 to −4 (q ave =−3.7) with the leak-in of acetic acid ( Figure 1e) . As in the positive polarity, the final observed CSD is dependent upon the CSD prior to leak-in. However, as often noted in solution phase studies, it is much more difficult to observe very high negative charge states for proteins with more basic sites than acidic sites, as is the case for ubiquitin and cytochrome c. Distinct CSDs that would suggest the presence of separate folding states, like those noted in Figure 3a for cytochrome c cations, were not observed in the negative polarity for either protein. The CSD changes in the negative polarity did not show abrupt changes from one CSD to another. Rather the initial CSD evolved gradually to a lower CSD upon acid leak-in. It is therefore less clear that the leak-in experiment is inducing major conformational changes based on measured CSDs. In all cases, ubiquitin evolved to a CSD from −3 to −4 and cytochrome c evolved to a CSD from −4 to −6 upon acid leak-in. These charge states are similar to those observed when ionizing pH 2 cytochrome c or pH 2 ubiquitin and (e), and piperidine vapor (c) and (f) leak-in to shift the charge state distributions to lower charge states solutions in the negative polarity. However, the vapordroplet interaction results in much cleaner spectra, showing less metal ion incorporation and with a higher signal level, than ionizing in the wrong-way-round condition for both the negative and positive polarities.
Proteins with Noncovalently-Bound Co-Factors
Proteins that engage in specific noncovalent interactions were studied to determine the effects of vapor leak-in on the protein CSDs and whether disrupted noncovalent interactions can reform on the time-scale of the leak-in experiment. Myoglobin and carbonic anhydrase were both studied. Myoglobin, a widely studied protein in mass spectrometry, has a heme group that is noncovalently bound in a hydrophobic pocket of the protein in its holo-form [78] . ESI under gentle interface conditions and under non-denaturing solution conditions enables the noncovalent protein-heme interaction to be preserved [79] [80] [81] . Acid-induced denaturation in solution results in substantial unfolding of the polypeptide chain and disruption of the noncovalent hemeprotein interaction such that only the apo-form of the protein is observed. This denaturation proceeds through a shortlived intermediate that is substantially unfolded, but still retains the heme group [82] . The charge state distributions of myoglobin after denaturation as well as the reconstitution of the acid-denatured protein in the solution phase has been studied [83] [84] [85] [86] and folding mechanisms have been proposed [87, 88] . Here, noncovalent interactions were studied by exposing droplets containing acid denatured proteins to basic vapors in the positive polarity and base denatured proteins to acidic vapors in the negative polarity. Myoglobin prepared in a pH 2.1 solution and ionized in the positive polarity resulted in a CSD for unfolded apo-myoglobin centered around +21 (Figure 6a ). When basic vapors were introduced into the counter-current drying gas, a bimodal distribution was observed with a distribution around the +13 charge state and another around +7 (Figure 6b) . The peaks corresponded to apomyoglobin in both distributions, but the lower charge states contained more piperidine adducts. This bimodal distribution was not observed when ionizing myoglobin prepared at any solution pH. When starting with a less unfolded myoglobin prepared at pH=4, with 100 μM hemin added, a CSD from +7 to +13 was observed with all of the peaks corresponding to holo-myoglobin peaks (Figure 6c ). The introduction of piperidine vapor shifted the CSD to largely the +8 charge state with all of the peaks corresponding to holo-myoglobin (Figure 6d) .
Myoglobin was also prepared at several basic pH solutions (pH 11 and 12.5) and ionized in the negative polarity. When myoglobin was prepared at a pH of 11, a CSD from −5 to −14 was observed, with 22% of the total myoglobin peaks corresponding to apo-myoglobin ( Figure 7 ). When acetic acid was introduced into the interface, a shift to lower charge states was observed resulting in a CSD from −4 to −5 with all of the peaks corresponding to holo-myoglobin peaks (Figure 7b ). The comparison of Figure 7a and b might suggest that the apo-myoglobin ions re-associate with available heme in the droplets upon acid exposure. However, the significant loss in total signal and poorer signal-to-noise ratio of Figure 7b precludes a firm conclusion regarding this possibility. A higher, more negative distribution was observed when pH 12.5 myoglobin was ionized in the negative polarity with a CSD from −7 to −22 being observed (Figure 7c) , suggesting that the protein was more unfolded. When acidic vapors were introduced, two distributions were observed (Figure 7d ). The higher CSD from −6 to −17 was predominantly centered around the −13 charge state with all of the peaks corresponding to apomyoglobin peaks. Another distribution was observed from −6 to −9 with a CSD for apo-myoglobin peaks and another for holo-myoglobin peaks. In this case, there is no compelling evidence that re-association of the heme group with apomyoglobin ions occurred. It is clear from this data that by changing the initial solution pH, the ionization polarity, and the reagent vapors that are introduced, a variety of different folded and unfolded states can be studied. In the case when only 22% of the peaks did not have the heme group (Figure 7a) , the introduction of acetic acid resulted in only one CSD with all of the peaks corresponding to holo-myoglobin ( Figure 7b ). An increase in the relative contribution of ions that exhibit a noncovalent heme-myoglobin interaction was noted here only when the protein was not extensively denatured prior to reagent vapor introduction. Similar observations (data not shown) were also made with hemoglobin, another well studied protein with a noncovalently attached heme group [89, 90] . Heme aggregation in the presence of acid is common [91] and previous solution phase studies have found that the reconstitution of denatured holo-myoglobin led to the observation of myoglobin with more than one heme group [92, 93] . When a pH 10 myoglobin solution was subjected to nano-ESI in positive polarity, holo-myoglobin peaks with a CSD from +9 to +12 were observed (Figure 8a ). When HCl vapors were introduced into the interface, higher charge state distributions (+27 to +14) of both apo-and holo-myoglobin were observed, as well as a third distribution at the +8 to +9 charge states that corresponded to myoglobin with two heme groups (Figure 8b ). DDC CID [47] [48] [49] was used to clean-up the spectra in order to better determine the identity of the latter distribution. The observation of the three distinct myoglobin distributions (viz., apo-, holo-, and two heme versions) from a solution of holo-myoglobin prepared at basic pH, ionized in the positive mode, and exposed to acid vapors might be rationalized in several ways. This may be a reflection of mixtures of conformational states in solution or it may reflect dynamic aspects associated with the leak-in experiment. The mass spectrum is an integration of results from exposure of the Taylor cone and the evolving electrospray droplets to the acidic vapor. Ions generated early in the process (i.e., from young droplets) likely experience a different environment than those generated late in the process. It is known that ions formed late in the ESI process tend to be of lower charge and show heavier degrees of adduction and sodium ion incorporation [94, 95] . Hence, the fact that the two-heme distribution was observed at low charge states and required heating via DDC CID to remove adducts suggests that these ions originated from somewhat older droplets. Similar reasoning can be applied to other results in this work (see Figure 3d , for example).
Separate experiments involving yeast enolase and alcohol dehydrogenase monomer ions present in acidic solutions exposed to piperidine vapors resulted in significant charge reduction but there was no evidence suggesting dimer formation. The kinetics for the association of two or more molecules is expected to show a concentration dependence, in contrast to the unimolecular folding/unfolding of a protein. Hence, further studies using higher protein concentrations than those typically employed in nano-ESI may be required to observe protein complex formation on the time-scale of the vapor exposure experiments described herein.
Carbonic anhydrase, like myoglobin, resulted in the appearance of a bimodal CSD when it was unfolded with piperidine in solution, ionized in the negative polarity, and exposed to acetic acid vapors. Carbonic anhydrase has a divalent zinc ion, which is an essential, noncovalently attached co-factor [96] . When this interaction is broken, much higher charge states for carbonic anhydrase can be observed [44] . When starting with carbonic anhydrase where the Zn-interaction is still present (Figure 9a ) and acid is introduced, the CSD shifts to one with charge states from −7 to −9 (q ave =−8.2) (Figure 9b ). When ions derived from pH 12.5 carbonic anhydrase (Figure 9c ) are exposed to acid vapors, the distribution of high charge states (due to the broken noncovalent interaction) is shifted to a lowered CSD resulting in a distribution from −11 to −19 while the lower charge states (for which the noncovalent interaction is preserved) are shifted to a different CSD from −7 to −8 ( Figure 9d ). The lower CSDs in Figure 9b observed in Figure 9d is obtained only when a CSD devoid of Zn noted in Figure 9c is initially present.
Conclusions
Proteins denatured by either acidic or basic conditions in aqueous solution, as reflected by the generation of distributions of relatively highly charged ions, can be subjected to a rapid change in pH by exposure to acidic or basic vapors admitted into the counter-current drying gas of an ESI atmosphere/vacuum interface. The resulting changes in CSDs to lower charge states and, sometimes, to bimodal CSDs are consistent with a degree of protein re-naturation in the evolving ESI droplets. The most dramatic pH changes occur when droplets generated from acidic solutions are exposed to basic vapors and when droplets generated from basic solutions are exposed to acidic vapors. The magnitude of the changes in the spectra noted here was dependent upon the initial solution pH and the pK a of the relevant acid or base used as the reagent vapor.
Other factors can affect the observed charge state distributions, such as the inherent gas phase basicity/acidity of the proteins as well as the reagents. However, in this work, many proteins were studied with varying isoelectric points [i.e., cytochrome c (pI=10.4), ubiquitin (pI=5.2), myoglobin (pI=7.2), and carbonic anhydrase (pI=5.9)] and similar results were obtained for these proteins. Also, proton transfer in the gas phase after the proteins have left the droplet could play a role in the observed charge state distributions. However, the presence of distinct bimodal distributions (see Figure 2c and Figure 6b ) rather than a gradual stepwise change from one charge state distribution to another, often seen with gas-phase proton transfer reactions [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , suggests that the observed changes in the protein charge state distributions cannot be fully rationalized on the basis of gas-phase reactions. However, contributions from gas-phase proton transfer, at least to some extent, cannot be ruled out.
The millisecond time-scale associated with droplet evaporation and transport to the inlet aperture of the instrument places an upper limit on the extent of folding and complex formation that can take place. This kinetic constraint makes possible the observation of relatively short-lived conformational states that may be difficult to access simply by altering bulk solution conditions prior to ESI. In this sense, the leakin experiment can be regarded as a tool for expanding the study of protein conformational changes using mass spectrometry. Conclusions in this work were drawn from observed CSDs and the long-standing observation that CSDs can reflect conformational states in solution. However, the coupling of the vapor leak-in experiment with other structural probes, such as ion mobility and gas-phase H/D exchange, are attractive possibilities for providing further insights into conformational changes that may accompany the rapid pH changes in the droplets and the study of transient folding states. 
